receptor often play an important role in this process.
Nevertheless, it is now widely accepted that non-covalent interactions mediated by aromatic rings are pivotal to sugar binding. Indeed, the stacking of aromatic residues against the faces of sugar pyranose rings constitutes a recurring feature of protein-carbohydrate complexes. Such contacts typically involve 2-3 CH groups of the pyranoses and the π electron density of the aromatic ring (the so-called CH/π bonds), and can exhibit a variety of geometries, with either parallel or non-parallel arrangements of the aromatic and sugar units.
The interaction energy between different aromatic rings and simple monosaccharides, in gas phase, has been shown to be in the 3-6 kcal/mol range by quantum mechanics calculations, implying that the stabilization produced by each CH/π bond amounts to 1-2 kcal/mol. These values are somehow larger than those experimentally measured in water, estimated in ca.
1.5 kcal/mol per each carbohydrate-aromatic stacking. The observed variation illustrates the context-dependent character of intermolecular interactions and shows that this stacking is, to some extent, modulated by entropic and solvent effects. Despite their relatively modest influence on the stability of carbohydrate/protein complexes, it is well established that the aromatic platforms play a major role in determining the specificity of the molecular recognition process.
The analysis of carbohydrate/aromatic interactions has become an active field of research. Significant efforts have been devoted to the quantification of carbohydrate/aromatic stacking and to the identification of the different contributions that stabilize these complexes. Both objectives have been approached employing a variety of experimental and theoretical strategies that, overall, can be grouped in three main approaches. First, the structural and thermodynamic features of carbohydrate recognition by protein receptors have been quantitatively analyzed. This work frequently included the used of sitedirected mutagenesis and/or organic synthesis in order to incorporate modifications in the receptor and/or ligand. Second, sugar/aromatic complexes have been analyzed employing a reductionist chemistry-based approach based on the synthesis and characterization of artificial receptors and simple model systems. Finally, the magnitude of the different contributions to the interaction energy has been addressed employing quantum mechanics calculations.
Herein we provide an overview of the current scientific knowledge on this topic. In the first section, we will describe experimental evidences for the relevance of carbohydrate/aromatic interactions, together with experimental approaches employed to dissect their structural and thermodynamic features.
Second a summary of the main chemistry-based efforts oriented to analyze stacking complexes will be presented. In third place, we will focus on the theoretical aspects of the stacking. Finally the impact of this fundamental knowledge on our understanding of carbohydrate recognition processes will be briefly outlined. 6 and others. 15 In antibodies, the aromatic rings either interact with their own glycans in an intramolecular fashion 16 or do it, intermolecularly, with their polysaccharide antigens. 17 The geometrical features of the interaction are not strictly unique. From the point of view of the protein, different architectures of the binding sites can be delineated (Figure 1) , depending on the number and relative location of aromatic residues. In many cases, as galectins, [11] [12] there is only one aromatic ring providing stacking with the sugar, defining one monosaccharide binding sub-site. In other examples, spatially contiguous aromatic rings are grouped, forming an extended binding site with two (or more) aromatics, which define sequential subsites (n, n+1, etc). Indeed, they are pre-organized to stack with consecutive monomers in oligosaccharides, as in hevein domains. 18 There are also extended binding sites with even 6 sub-sites with aromatic residues located at every other sub-site (n, n+2, n+4, etc). This presentation is observed in polysaccharide degrading enzymes and their associated CBMs. 
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However, additional geometrical orientations should also be considered.
Sometimes, stacking interactions are not expressed through the exact parallel orientation of the pyranose chair with the aromatic ring. For galacto-type configurations, the sugar chair slides over the aromatic moiety and presents H3, H4, H5 to the amino acid side chain (Figure 2c) . [23] [24] [25] Indeed, a geometry analysis performed over an extended set of experimental sugar-protein complexes showed that the position of the center of the pyranose ring can take a large set of spatial orientations relative to the aromatic residue. 25 There are very few reported cases for furanosides, although stacking interactions have been observed when the five-membered ring adopts the proper geometry for the favorable orientation of its CH bonds, as in the complex of an antibody with arabino-containing polysaccharides. 26 In any case, the thermodynamics of furanose-aromatic binding motif deserves further studies.
Aromatic stacking has been scarcely observed for protein complexes with charged saccharides. Indeed, for negatively charged sugars, as heparin glycosaminoglycans, the binding site is composed of complementary cationic amino acids, which establish electrostatic interactions and do not facilitate neighboring of aromatic chains. 27 For positively charged carbohydrates, there is not still enough structural data available to generalize these interactions.
Nevertheless, it has been shown in model systems that the interaction with the protein is very dependent on the protonation state of the interacting amino sugars.
28
Affinity and Selectivity
From the protein perspective, the affinity and selectivity of the interaction depends on the nature of the aromatic residue. Using mutagenesis-based experiments, it has been shown that elimination of aromatic moieties drastically reduces the affinity, 29 while the exchange among aromatics permits the modulation of the receptor properties.
Theoretical calculations have highlighted the importance of stacking interactions, also in the context of enzymatic polysaccharide hydrolysis. It has been hypothesized that the efficiency of processive glycosidases is directly related to the existence of strategically positioned aromatic residues, since their removal in enzyme tunnels reduced the ligand binding free energy, and switched the enzyme function from processive to nonprocessive. 19 In a parallel manner, the study of different GH10 8 The knowledge of the key forces involved in sugar recognition has been also employed for protein engineering. For instance, specifically-designed mutagenesis experiments have been elegantly employed for achieving galactose recognition, starting from a mannose-binding protein 34 .
The substrate point of view: Selectivity and Specificity
So far, few studies have quantitatively analyzed the influence that modifications in the sugar length and/or configuration have on the stability of the carbohydrate/aromatic complexes. Using hevein domains, 11 a systematic analysis of the structural and energy features of the interaction of Nacetylglucosamine (GlcNAc) moieties with lectins has been presented (Fig. 3) . [35] [36] [37] [38] [39] [40] The protocol implied the use of differently substituted mono-to hexasaccharides, with different sugar stereochemistry, using NMR methods assisted by molecular modelling, ITC, and fluorescence techniques. 18, [35] [36] [37] [38] [39] The obtained results were compared to those already published by other authors by employing X-ray crystallography and other procedures. 11 Combining the 3D structural perspective with affinity measurements, the enthalpy change associated to a single carbohydrate-aromatic interaction was estimated between 1.5-2 kcal/mol. All the observed variations in affinities were explained in structural terms, and key features of the molecular recognition process, including dynamic aspects were unravelled. Thus, restriction to the motion of aromatic rings when passing from the free to bound states was detected, as well as the existence of complexes of different topology in chemical exchange. [35] [36] [37] [38] [39] For long oligosaccharides, the existence of multivalent processes in which a single oligosaccharide chain was bound to two protein domains was deduced. 35, 40 The employment of sugar ligands with different stereochemistry at specific positions also permitted to deduce that the stacking interactions were extremely sensitive to the glycoside shape. The receptor aromatic rings were major contributors to the selectivity and specificity of the molecular recognition process, and disallowed binding of particular sugar epimers, through steric hindrance and/or by creating unfavourable non-polar environments for axial OH groups.
18,39
From Nature to the bench: carbohydrate-aromatic interactions in simple models, chemical systems, and artificial lectins
As frequently employed in chemistry-based approaches, reductionism has been used to study carbohydrate-aromatic stacking interactions. Using simple models, composed by just one monosaccharide and one aromatic ring, this interaction has been characterized using different methodologies. [41] [42] [43] [44] The recognition process strongly depends on the nature of the sugar, and three CH groups must be on top of an aromatic ring to be an NMR-detectable interaction. 23 Calorimetric studies 45 established its enthalpic nature, while IR 46 has been essential to confirm their major dispersive character, and also to detect OH-π hydrogen bonding in the absence of water. 46 However, the existence of certain hydrophobic component was deduced, since the interaction was not detected by NMR in other polar solvents, such as acetonitrile.
23,24
Interestingly, although the stacking interaction has been demonstrated in the gas phase by IR, 46 using more complex glycopeptide models, this weak interaction in the gas phase is not able to compete with classical hydrogen bonds, even intramolecularly. 47 Stacking between aromatics and sugars have been observed and used in complex structures, further employed as platforms to design artificial systems, [48] [49] [50] [51] to control the conformational behavior of glycomimetics [52] [53] , or the formation of hydrogel-like supramolecular structures. 54 The strength of a single carbohydrate-aromatic interaction has been studied in the context of the formation of β-hairpin in aqueous solution, employing model glycopeptides with diverse sugars and aromatics. It was shown that, in the absence of other noncovalent contacts, a single sugararomatic interaction may modulate protein folding with a magnitude of ca. −0.8 kcal/mol. Fittingly, replacement of the aromatic ring with an aliphatic group resulted in a decrease in the energy to −0.1 kcal/mol. [55] [56] The importance of solvation/desolvation of the interacting groups was also highlighted.
55-56
The growing knowledge on these interactions has been applied to design artificial carbohydrate receptors, 47, 57 which employ a wise combination of hydrogen bonds and stacking interactions (Figure 4) , as elegantly illustrated. [57] [58] [59] The use of differently substituted synthetic receptors has also highlighted the importance of hydration for effective sugar binding and proper stacking. From a theoretical perspective, initially it could be considered as analogous to a H-bond, although different in its physical origin. 61 It is well known that, for interactions between aromatic surfaces with alkanes, experimental data in the gas phase compared well with those obtained from high-level ab initio calculations (CCSD(T)). [61] [62] Following this reasoning, a first conclusion, derived from calculations on sugar-aromatic models is that the dispersive component is dominant while the electrostatic contribution is minor. [61] [62] Indeed, theoretical 23 and experimental studies 63 have confirmed the presence of electronic density between the sugar hydrogen atoms and the aromatic ring. 23 Also, the dominance of the dispersive contribution implies that the orientation dependence of the carbohydrate-aromatic interactions is weak, conferring to these complexes a dynamic character.
A systematic scan of the potential energy surface of carbohydrate-aromatic complexes, carried out using simple models, 64 showed that the dispersion interactions are highly distance-dependent, and not equally distributed around each carbohydrate atom. The energy for the dispersion interaction was beyond -5.0 kcal/mol, but only in small localized areas, for optimum interatomic distances. In principle, this number could suggest that the energies experimentally found correspond to dynamic systems in solution that could rise up to the theoretical value for rigid complexes, although other factors, as solvation effects, should be contemplated (see below).
The cooperativity between multiple CH/π bonds has been investigated theoretically. 65 The structural information available showed that in most cases, 2-3 CH groups of the pyranose unit participate in CH/π contacts with the same aromatic system. When the additivity of these interactions was explored, 65 the calculations showed that bidentate complexes are weaker than the sum of two monodentate ones, this difference being larger for interactions with naphthalene than with benzene.
Consequences for molecular recognition
The interaction energy theoretically estimated for each sugar-aromatic stacking amounts to 3-6 kcal/mol. A soft nature and a low directionality seem to be essential features of the sugar/aromatic interaction. According to this view, the main role of the aromatic platforms in protein or nucleic acid receptors would be to provide a plastic contribution to the association energy that can be modulated by the local environment of the receptors to achieve both affinity and selectivity.
Theoretical analyses of stacking complexes have shown that dispersive forces play a dominant role. As a consequence, the interaction critically depends on the size and shape complementarity of the interacting surfaces.
Regarding the electrostatic component, while relatively minor, it offers interesting opportunities to modulate the attractive forces between pyranoses and aromatic rings. In principle, the stability of the carbohydrate/aromatic complexes could be enhanced by incorporation of electron donating substituents on the aromatic ring. Alternatively, the polar character of the interacting CH groups could be increased by substitutions on the pyranose. The potential of these simple strategies are yet to be explored. In addition, current research support the notion that water plays an essential role in carbohydrate recognition. 25, 58, 59, 63, 67 It should be noted that, despite their overall polar nature, saccharides include hydrophobic patches whose particular topology depends on the axial/equatorial orientation of the OH moieties. These acknowledgements led to the proposal that solvophobic effects represent a key stabilizing influence for the interaction. Studies on simple models have shown that replacement of the aromatic by simple aliphatic chains renders the interaction almost undetectable, suggesting that the hydrophobic component might be lower than originally suspected, even with no key role in the carbohydrate/aromatic interaction. 10 In our opinion, the safest assumption is that desolvation of the aromatic system and the pyranose CH groups constitute a relevant driving force for complex Future will bring further studies and applications of carbohydrate/aromatic stacking in different fields. Understanding the functional role of aromatic residues in glycosidases may be used for rational design of novel carbohydrateactive enzymes. 19, 20 In particular cases, optimization of carbohydrate/aromatic contacts might lead to improved protein binders or enzyme inhibitors. This task would greatly benefit from a quantitative understanding of how dispersion, electrostatics and solvent-dependence contribute to the interaction energy.
Additionally, stacking can be employed as a portable structural module. This concept has permitted to stabilize native states of glycoproteins up to -2.0 kcal/mol, thanks to the stacking provided by placing a phenylalanine residue two or three positions before a glycosylated asparagine in distinct reverse turns. 68 Additionally, technological applications of these interactions, including the solubilization of carbon nanotubes 69, 70 could also be envisaged. We are looking forward to future developments in this field.
